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Background: Patients with carbon monoxide (CO) intoxication may develop ongoing neurological and psychiatric
symptoms that ebb and flow, a condition often called delayed encephalopathy (DE). The association between
morphologic changes in the brain and neuropsychological deficits in DE is poorly understood.
Methods: Magnetic resonance imaging and neuropsychological tests were conducted on 11 CO patients with DE,
11 patients without DE, and 15 age-, sex-, and education-matched healthy subjects. Differences in gray matter
volume (GMV) between the subgroups were assessed and further correlated with diminished cognitive functioning.
Results: As a group, the patients had lower regional GMV compared to controls in the following regions: basal
ganglia, left claustrum, right amygdala, left hippocampus, parietal lobes, and left frontal lobe. The reduced GMV in
the bilateral basal ganglia, left post-central gyrus, and left hippocampus correlated with decreased perceptual
organization and processing speed function. Those CO patients characterized by DE patients had a lower GMV in
the left anterior cingulate and right amygdala, as well as lower levels of cognitive function, than the non-DE
patients.
Conclusions: Patients with CO intoxication in the chronic stage showed a worse cognitive and morphologic
outcome, especially those with DE. This study provides additional evidence of gray matter structural abnormalities
in the pathophysiology of DE in chronic CO intoxicated patients.
Keywords: Carbon monoxide intoxication, Cognitive deficits, Delayed encephalopathy, Magnetic resonance
imaging, Voxel-based morphometryBackground
Acute carbon monoxide (CO) intoxication may induce dif-
fuse white matter (WM) or gray matter (GM) damage,
leading to chronic neuropsychiatric complications [1,2]. Pa-
tients recovering from acute CO intoxication may develop
delayed encephalopathy (DE), which is characterized clinic-
ally by recurring neurologic or psychiatric symptoms punc-
tuated by temporary asymptomatic periods (lucid intervals)
of varying duration [3,4]. An increased duration of CO* Correspondence: u64lin@yahoo.com.tw
1Departments of Diagnostic Radiology, Kaohsiung Chang Gung Memorial
Hospital, Chang Gung University College of Medicine, 123 Ta-Pei Road,
83305, Niao-Sung, Kaohsiung, Taiwan
2Department of Biomedical Imaging and Radiological Sciences, National
Yang-Ming University, Taipei, Taiwan
Full list of author information is available at the end of the article
© 2013 Chen et al.; licensee BioMed Central L
Commons Attribution License (http://creativec
reproduction in any medium, provided the orexposure, elevated carboxyhemoglobin (COHb), and dam-
age to the globus pallidus or WM are risk factors for DE
[5-7]. DE was associated with WM injury in one study [8],
but more research is needed and the long-term prognosis
of DE is uncertain. In particular, bilateral, symmetric, con-
fluent areas of signal change in the periventricular WM and
centrum semiovale is observed, as well as cytotoxic edema
in studies emphasizing diffusion weighted imaging [9]. A
diffusion tensor study revealed evidence of WM demyelin-
ation in DE and bridged its correlation with cognitive im-
pairment [10].
Other research has emphasized cerebral perfusion in
acute CO intoxication as appreciated with single photon
emission computed tomography [11]. The alteration of
cerebral perfusion in the development of DE is unknown.td. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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chronic CO intoxication patients [12-14] as a result of ei-
ther WM or GM damage. However, little is known about
the association of regional GM atrophy on long-term cog-
nitive outcomes, and the differences between DE and non-
DE groups in this regard.
Voxel-based morphometry (VBM) is an assumption-free
method that applies voxel-wise comparisons throughout
the brain to detect differences in GM concentration in vari-
ous study groups. Furthermore, it provides objective and
operator-independent results. The use of VBM for brain-
volume evaluation has been widely discussed [15,16], as it
can help evaluate anatomic brain abnormalities in varying
subgroups after CO intoxication and correlate the results
with those of neuropsychological (NP) tests to assess dis-
ease involvement. This study evaluates differences among
subgroups in long-term cognition, GM deficit, as well as
the relationship between GM atrophy and cognitive decline
after chronic CO intoxication.
Methods
Subjects
Twenty-two patients with CO intoxication (7 men and
15 women; mean age, 41.09 ± 9.25 years; range, 28–
56 years) in the chronic phase (> 6 months) [17] and
15 age-, sex-, and education-matched healthy subjects
(7 men and 8 women; mean age, 36.27 ± 10.41 years;
range, 24–58 years) were recruited. Subjects received
MRI studies and NP tests in the chronic stage in the
CO intoxication group and at the time of enrollment
in the control group. The mean duration between acute
exposure and the acquisition time of MRIs for all patients
was 25.05 ± 15.20 months.
Patients with a CO intoxication history were included
in the study. A clear history of acute CO intoxication
was defined as an episode of past exposure to burning
charcoal or gas in an enclosed space and/or an elevated
COHb level [18]. These patients either sought first aid at
the emergency room of Chang Gung Memorial Hospital
during acute CO intoxication and follow-up at the out-
patient clinic (n = 17) or developed new symptoms after
acute CO intoxication at the out-patient clinic (n = 5).
The average initial COHb level of the patients (n = 17)
was 15.95 ± 15.03% (range: 0.9-54.3%, mean of DE group:
22.8%, mean of non-DE group: 12.5%). All CO intoxi-
cated patients awoke within 24 h and underwent hyper-
baric oxygen therapy for several days. During the acute
stage, 17 out of 22 patients underwent conventional
MRI study. The exclusion criteria for this study included
a history of neurologic or psychiatric illness, the pres-
ence of developmental disorders, the use of medication
for unrelated conditions, and head injuries, which can
affect the results of the neuropsychiatric or neuroimag-
ing surveys [10].The 22 CO intoxicated patients were further divided
into two subgroups, based on the presence or absence of
DE (11 in the non-DE group; 4 men and 7 women; mean
age, 40.55 ± 9.45 years and 11 in the DE group; 3 men
and 8 women; mean age, 41.64 ± 9.47 years), which was
defined as a combination of events such as an initial
change in consciousness due to CO exposure, recovery
from the acute stage, lack of symptoms for periods of
days to weeks, and exacerbation with neurologic and/or
psychiatric symptoms [8].
The Chang Gung Memorial Hospital Ethics Commit-
tee approved the study and all patients and participants
in the control group provided written informed consent.
Neuropsychological (NP) tests
Patients and healthy subjects were administered subtests
of the Wisconsin card sorting test (WCST) and the
Wechsler Adult Intelligence Scale (WAIS).
Wisconsin card sorting test (WCST)
The WCST is commonly used to evaluate frontal execu-
tive function, such as concept formation, set shifting,
and flexibility [19]. In this study, the WCST-128 card
computerized version was administered by trained re-
search assistants to decrease the complexity of the ad-
ministered WCST and to increase the efficiency of data
collection. The six WCST indices used for the analysis
were perseverative response (PR), perseverative error
(PE), non-perseverative error (NPE), percent conceptual
level response, completed categories, and failure to
maintain set [20].
Wechsler Adult Intelligence Scale (WAIS)
The WAIS, a family of tests created by David Wechsler
to measure cognitive domains that contribute to
intelligence (Wechsler, 1955, 1981, 1997), is used to as-
sess a wide range of cognitive abilities and impairments.
In this study, we used the full scale intelligence quotient
measure from the Taiwanese version of the WAIS-III
[21,22], which is based on the combined Verbal Com-
prehension Index (VCI), Perceptual Organization Index
(POI), Working Memory Index (WMI), and Processing
Speed Index (PSI) scores [23]. All of the participants fin-
ished picture completion and matrix reasoning, the sub-
tests that comprised the POI, and the digit symbol and
symbol search, which comprised the PSI.
Magnetic Resonance Imaging (MRI) data acquisition
Magnetic resonance scanning was performed on a 3 T MRI
system (Excite; GE Medical System) equipped with an 8-
channel head coil. High resolution T1-weighted images
were acquired parallel to the anterior commissure-posterior
commissure line (AC-PC line), using 3-dimensional fluid-
attenuated inversion-recovery fast spoiled gradient echo
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9.492 ms, TE 3.888 ms, TI 450 ms, flip angle 20°, field of
view (FOV) 24 × 24 cm, matrix size 512 × 512, 110 con-
tinuous slices with a slice thickness of 1.3 mm, and an in-
plane spatial resolution of 0.47 × 0.47 mm.
Imaging data processing
A T1 VBM approach based on Diffeomorphic Anatom-
ical Registration Through Exponentiated Lie Algebra
(DARTEL) was used for preprocessing and subsequent
analyses of whole brain T1-weighted volumetric images
[24,25]. Individual T1-weighted volumetric images were
analyzed using the Gaser’s VBM8 toolbox (http://dbm.
neuro.uni-jena.de/vbm/) with SPM8 (Statistical Paramet-
ric Mapping. Wellcome Department of Imaging Neuro-
science, London, UK; available online at http://www.fil.ion.
ucl.ac.uk/spm), implemented in Matlab 7.3 (MathWorks,
MA, USA). DARTEL is a novel image registration method
that uses large deformation in an inverse-consistent frame-
work for spatial normalization in the SPM toolbox.
Briefly, all images were carefully checked by an experi-
enced neuroradiologist to ensure that no scanner arti-
facts, motion problems, or gross anatomic abnormalities
existed for each participant. The semiautomatic ap-
proach [26] was used to evaluate the quality of structural
images, specifically for motion problems. Motion artifact
was evaluated on individual tissue segment images and
assigned a rating of none, mild, moderate, or severe. To
reduce bias during VBM processing, images were ex-
cluded if their tissue segment images were given a rating
of moderate or severe. The anterior commissure was set
as the origin of imaging for each participant.
Whole brain native space T1-weighted images were
normalized and the bias field corrected and segmented
into GM, WM, and cerebro-spinal fluid (CSF) partitions,
based on the same generative model [27]. Unified seg-
mentation involved alternating between segmentation,
bias field correction, and normalization to obtain local
optimal solutions for each process. This procedure was
further refined by applying an iterative hidden Markov
field (HMRF) model [28] to improve the quality of tissue
segmentation and minimize the influence of noise level.
To ensure accuracy of registration across subjects, the
native space GM, WM, and CSF segments were
imported into a rigidly aligned space and iteratively reg-
istered to group-specific templates generated from all
images in this study through nonlinear warping using
the DARTEL toolbox [25]. Recent studies have indicated
that the DARTEL algorithm can improve intersubject
registration and be useful for population-based research
[29,30].
The deformation parameters obtained in the spatial
normalization step were applied to individual tissue seg-
ments in a rigidly aligned space. The Jacobian determinantsderived from nonlinear deformation for the correction of
volume changes were also applied during the nonlinear
spatial transformation to preserve the overall amount of
each tissue segment after normalization. Since DARTEL
worked on images with average brain size of total partici-
pants in this study, additional affine transformation be-
tween average group space and Montreal Neurological
Institute ( MNI ) standard space was needed. Because the
MNI standard space was constructed by affine registration
of a number of subjects to a common standard coordinate
system, it was reasonable to use only affine transformation
to achieve a suitable alignment between these two spaces.
The optimal-normalized tissue segments of each individual
had an identical voxel size of 1.5 × 1.5 × 1.5 mm.
All normalized, segmented, and modulated MNI
standard-space images were smoothed with an 8-mm
Gaussian kernel prior to tissue volume calculation and
voxel-wise group comparisons. Overall tissue volumes
(i.e., GM, WM, and CSF) were estimated in mm3 by
counting the voxels representing GM, WM, and CSF in
standard space. The total intracranial volume (TIV) was
determined as the sum of the three volumes.Statistical analysis
Analysis between groups
Statistical analysis was performed using the statistics
computer software SPSS 12 (SPSS Inc, Chicago, IL). All
data were given as the mean ± standard deviation (SD).
The demographic and clinical characteristics of those in
the patient and control groups were compared by ana-
lysis of variance (ANOVA) (for age and education). One-
way analysis of covariance (ANCOVA) was used to com-
pare TIV, GM volume, and WM volume, with age and
sex as added covariates. Statistical differences in NP
data, including the WCST and WAIS results between
the two groups, were estimated by ANCOVA, with age,
sex, and education as covariates. The threshold for stat-
istical significance was p < 0.05.
Smoothed, modulated gray matter segments were ana-
lyzed with SPM8 within the framework of a General Lin-
ear Model (GLM). ANCOVA was performed with the
covariation of age, sex, and TIV to investigate differences
in regional GM volume between the two groups. All
voxels with a GM probability value < 0.2 (range, 0–1)
were eliminated to avoid possible partial volume effects
around the margin between the GW and the WM.
Nonstationary correction (part of the VBM toolbox)
for correcting non-isotropic smoothness of the data
was used to investigate group differences [31]. The
differences in GM volume were compared between the
following groups: 1) all patients vs. control group,
2) non-DE group vs. control group, 3) DE group vs. con-
trol group, and 4) non-DE group vs. DE group.
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criteria were used to obtain the findings. Low voxel-level
thresholds (uncorrected p < 0.05) might sensitize the
cluster inference for spatially extended and lower spatial
resolutions. In contrast, high (uncorrected p < 0.001)
contiguous voxel thresholds with a cluster size >50
might generate a higher spatial cluster resolution but re-
sult in the loss of spatial extent. In this study, the voxel-
level threshold was set to an uncorrected p < 0.001 and a
nonstationary cluster extent threshold of p < 0.05
corrected for multiple comparisons with family-wise
error (FWE) [32] correction in to obtain precise findings
with higher spatial cluster resolutions.
To minimize coordinate transformation discrepancies
between the MNI and Talairach space, GingerALE pro-
vided by BrainMap (The BrainMap Development Team;
available online at http://brainmap.org/ale/index.html)
was used to transform MNI coordinates into Talairach
coordinates. Anatomic structures of the coordinates
representing significant clusters were identified based on
the Talairach and Tournoux atlas [33].
Correlation analysis
Partial correlation analysis adjusted for age, sex, educa-
tion, and TIV was performed to assess the correlation
between NP test scores and areas with smaller volumes
in all CO intoxicated patients compared to those in the
control group. Regional GMV was extracted from the
peak coordinate and correlated with NP test scores, with
significance at p < 0.05 [34].
Results
Clinical characteristics and cognitive profiles among
groups
The demographic characteristics of CO intoxicated
patients and healthy controls are shown in Table 1.
Seventeen of the 22 patients underwent conventional
MRI during the acute stage with unremarkable findings
(total: 9, DE: 3, non-DE: 6), globus pallidus signal change
(DE: 7), and WM lesions (DE: 4). Three patients presented
a coexistence of globus pallidus and white matter change.
Symptoms of delayed encephalopathy (n = 11) included
consciousness change (n = 3), Parkinsonism (n = 3), dys-
tonia (n = 3), memory impairment (n = 1), and gait disturb-
ance (n = 1).
The mean interval between initial CO exposure and
the date of the MRI study and NP testing was 27.73 ±
13.66 months (range, 6–45 months) in the non-DE
group and 22.36 ± 16.82 months (range, 6–51 months)
in the DE group. The TIV was 1459.26 ± 136.37 cm3,
1469.58 ± 148.12 cm3, and 1464.42 ± 139.04 cm3 in the
non-DE, DE, and control groups, respectively.
Except for lower education level (F = 16.213; p < 0.05),
there were no significant differences in age, sex, andregional brain volume between patients with and those
without DE. All patients, regardless of DE, performed
significantly worse than those in the control group in
the WCST percent conceptual level response, and in the
picture completion, digit symbol, and symbol search
tests of the WAIS (p < 0.05) (Table 1). Compared indi-
vidually in the post-hoc analysis to those in the control
group, those in the non-DE group showed a lower per-
formance level in percent conceptual level response,
digit symbol, and symbol search tests, whereas patients
in the DE group showed a lower performance level in
only the digit symbol and symbol search tests.
Regional gray matter volume (GMV) aberration among
groups
The location and extent of regions with significant dif-
ferences in GMV are presented in Table 2.
Comparison between all patients and controls
During the chronic stage, all patients showed lower NP
subtest results and significantly lower GMV in the left
lateral globus pallidus, left claustrum, right amygdala,
right caudate body, left hippocampus, right putamen, left
hypothalamus, and left frontal and bilateral parietal lobes
(uncorrected p < 0.001) compared to those in the control
group (Figure 1A).
Comparison between the DE and control groups and
between the non-DE and control groups
Based on a nonstationary cluster extent threshold of
p < 0.05 corrected for multiple comparisons with FWE,
there was a significantly lower GMV in the left claustum
and right amygdala of those in the DE group, compared
to those in the control group. By using a p value of 0.001
(uncorrected), patients with DE were shown to have a
lower GMV in the right caudate body, left hippocampus,
right inferior parietal lobule, left superior frontal gyrus,
left medial frontal gyrus, right anterior cingulate, left
post-central gyrus, and left mammillary body (Figure 1C).
The non-DE group had a lower GMV in the left post-
central gyrus compared to those in the control group
(uncorrected p < 0.001) (Figure 1B).
Comparison between DE and non-DE groups
Compared to patients in the non-DE group, those in the
DE group had a lower GMV in the left anterior cingulate
and right amygdala (Figure 2).
Relationship between cognition function and gray matter
volume
The relationship between the three WAIS scores (Pic-
ture Completion, Digit symbol, and Symbol search) and
the significantly lower GMV in the all patient groups
compared to the control group showed significantly
Table 1 Demographic characteristics of COI patients and normal controls
Patients with chronic COI
Normal group F† p
†
valueNon-DE group DE group All patients
Definition without DE with DE Chronic COI Healthy control
Number of cases 11 11 22 15
Sex (n =men/women) 4/7 3/8 7/15 7/8
Age (years) 40.55 ± 9.45 41.64 ± 9.47 41.09 ± 9.25 36.27 ± 10.41 2.193 0.148
Education 13.00 ± 1.70 # 12.25 ± 2.44 § 12.67 ± 2.03 15.20 ± 1.47 #§ 16.213 0.000
Duration of follow-up (month) 27.73 ± 13.66 22.36 ± 16.82 25.05 ± 15.20 -
Conventional MRI findings during the acute stage (n = normal/basal ganglia/WM lesions) 6/0/0 3/7/4 9/7/4 -
COHb% during the acute stage 12.50 ± 13.02 22.8 ± 17.60 15.95 ± 15.03 -
Total intracranial volume (TIV) (cm3) 1459.26 ± 136.37 1469.58 ± 148.12 1464.42 ± 139.04 1473.29 ± 157.60 0.135 0.715
Gray matter (GM) 670.41 ± 56.26 662.79 ± 69.09 666.60 ± 61.61 683.34 ± 65.58 0.034 0.856
White matter (WM) 490.27 ± 54.82 498.18 ± 54.61 494.22 ± 53.55 495.54 ± 53.09 0.086 0.771
WCST
Perseverative response (PR) 17.60 ± 17.20 17.00 ± 14.92 17.33 ± 15.76 6.93 ± 3.56 3.705 0.064
Perseverative error (PE) 14.80 ± 12.43 14.25 ± 11.76 14.56 ±11.78 6.73 ± 3.10 3.943 0.057
Non-perseverative error (NPE) 9.30 ± 3.62 10.00 ± 2.73 9.61 ±3.18 7.27 ± 3.71 2.923 0.098
Percent conceptual level response 49.85 ± 23.07 # 52.35 ± 22.75 50.96 ±22.29 71.98 ± 13.29 # 7.245 0.012*
Completed categories 2.40 ± 1.51 2.13 ± 1.36 2.28 ±1.41 3.73 ± 1.33 4.069 0.053
Failure to maintain set 0.40 ± 0.70 0.63 ± 0.74 0.50 ± 0.71 0.47 ± 0.74 2.023 0.166
WAIS
Picture completion 13.80 ± 3.77 13.13 ± 5.84 13.50 ±4.66 17.93 ±3.43 4.766 0.038*
Digit symbol 65.60 ± 20.10 # 60.50 ± 16.01 § 63.33 ±18.06 92.20 ± 14.90 #§ 10.475 0.003**
Symbol search 28.30 ± 6.95 # 22.88 ± 14.20 § 25.89 ±10.78 40.00 ± 8.13 #§ 6.765 0.015*
Matrix reasoning 14.00 ± 4.62 12.13 ± 4.26 13.17 ±4.44 17.40 ± 6.13 0.339 0.565
Age and education data were compared by ANOVA. TIV, GM, and WM data were compared by ANCOVA after controlling for age and sex.
NP data (WAIS and WCST) were compared by ANCOVA after controlling for age, sex, and education.
Data are presented as mean ± SD.
F† and p† represent the comparison between all COI patients vs. the normal control group.
#Significant differences between the normal group and the non-DE group in the post-hoc analysis with Bonferroni’s correction.
§Significant differences between the normal group and the DE-group in the post-hoc analysis with Bonferroni’s correction.
Boldfaced values represent significant differences (p ≤ 0.05).
Abbreviations: WAIS Wechsler Adult Intelligence Scale; WCST Wisconsin Card Sorting Test.



















Table 2 Regions of statistically significant lower GMV in chronic COI patients compared to those of controls
Gray matter volume Anatomical regions x y z Brodmann’s area Cluster size T value
Normal > All patients L Lateral Globus Pallidus −12 8 2 - 616 5.22
L Claustrum −24 21 2 - 813 5.18
R Amygdala 26 −9 −15 - 676 4.97
R Caudate Body 9 14 8 - 374 4.78
L Hippocampus −33 −14 −15 - 291 4.75
R Putamen 27 20 5 - 540 4.47
R Supra-marginal Gyrus 50 −42 41 40 198 4.31
L Superior Frontal Gyrus −21 54 24 9 218 4.31
L Post-central Gyrus −41 −23 42 2 290 4.2
L Hypothalamus 0 −6 −11 - 283 4.18
Normal > Chronic L Post-central Gyrus −42 −23 41 2 51 3.86
Normal > Delay L Claustrum* −24 21 2 - 2116 5.88
R Amygdala* 29 −9 −17 - 1177 5.81
R Caudate Body 9 14 6 - 1192 5.14
L Hippocampus −33 −12 −15 - 488 4.8
R Inferior Parietal Lobule 51 −44 41 40 233 4.35
L Superior Frontal Gyrus −23 54 26 9 194 3.98
L Medial Frontal Gyrus −2 56 9 9 120 3.9
R Anterior Cingulate 8 48 −8 32 119 3.66
L Post-central Gyrus −38 −21 53 3 80 3.62
L Mammillary Body 2 −8 −11 - 63 3.59
Chronic > Delay L Anterior Cingulate −2 48 −11 32 2301 5.06
R Amygdala 29 −11 −18 - 112 3.73
Voxel-based morphometry of COI patients compared to those of normal controls at an uncorrected p value (<0.001).
* Indicated for statistical threshold: uncorrected p < 0.001 with a cluster extent correction FWE-corrected p value < 0.05.
(x, y, and z) refer to the Montreal Neurological Institute coordinates. The T-value is determined by dividing the estimated regression coefficient by its standard error.
Abbreviations: R Right; L Left.
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ture completion score correlated with a low GMV in the
left lateral globus pallidus, left post-central gyrus, and
left hypothalamus. The low digit symbol score correlated
with a low GMV in the left hypothalamus, whereas a
low symbol search score correlated with a low GMV in
the right putamen.
Furthermore, no significant correlation was found be-
tween the NP results and the low GMV detected by sub-
group analysis in the DE, non-DE, and control groups.
Discussion
To date, the relationship between structural changes and
altered cognitive function in DE and non-DE patients
has not been fully studied. In this first VBM study which
compares these two groups, morphological differences
were found between DE and non-DE patients, and many
of the structural deficits of DE patients correlated with
their lower level of cognition. The DE group demon-
strated lower scores in the WAIS tests, with poorperceptual organization (Picture Completion) [35], and
slow processing speed (Digit Symbol and Symbol Search)
[35]. Carbon monoxide poisoning-related cognitive im-
pairment includes impaired memory and executive func-
tion [36], reduced mental processing speed, and
decreased intellectual function [14], which are consistent
with the NP results in this study. However, the memory
function has not been assessed in this study that may be
seen as a limitation. The results of this study further
support previous findings indicating that delayed CO en-
cephalopathy might impair the frontal executive function
and persist even after the recovery of other neurological
deficits [37]. Increased structural alterations in DE pa-
tients corroborate the NP sequelae in patients with
chronic status after CO intoxication. Long-term follow-
up for this particular group is required.
Consistent with the hypothesis posed in this study,
structural differences between the DE and non-DE
groups were found. In the non-DE group, only one sig-
nificant cluster of lower GMV than controls was
Figure 1 Lower gray matter volumes (GMVs) in chronic CO-intoxicated patients vs normal subjects, with highlighted significant areas.
(A) Compared to healthy controls, all chronic CO-intoxicated patients showed significantly lower GMV in the bilateral basal ganglia, left claustrum,
right amygdala, left hippocampus, bilateral parietal, and left frontal lobes. (B) Only one significant difference in GMV was observed in the left
post-central gyrus between the healthy control and the non-DE groups. (C) The DE group showed significantly lower GMV in the left
hippocampus, left mammillary body, left claustrum, right amygdala, right anterior cingulate, right caudate body, and left frontal and bilateral
parietal lobes. Among these areas, the clusters of left claustrum and right amygdala survived from statistical threshold of FWE corrected p < 0.05.
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Figure 2 Gray matter volume difference between DE and non-
DE group. The DE group showed significantly lower GMV in the
(A) left anterior cingulate and (B) right amygdala, compared to non-DE
group, using an uncorrected p < 0.001 and cluster size >50 voxels.
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contrast, structural abnormalities in the DE group in-
cluded lower volume of the left claustrum, right amyg-
dala, right caudate body, left hippocampus, right inferior
parietal lobule, left superior frontal gyrus, left medial
frontal gyrus, right anterior cingulate, left post-central
gyrus, and left mammillary body. Previous studies re-
port generalized brain atrophy occurring in chronic
CO intoxicated patients, with volume reductions in theTable 3 Correlation between NP variables and reduction in g
Anatomic region Picture completion
L Lateral Globus Pallidus 0.4209*
L Claustrum −0.0258
R Amygdala 0.0862
R Caudate Body 0.3363
L Hippocampus −0.1296
R Putamen 0.0414
R Supra-marginal Gyrus −0.0142
L Superior Frontal Gyrus −0.0814
L Post-central Gyrus 0.3695*
L Hypothalamus 0.3702*
The correlation is demonstrated as r-value.
*p < 0.05.
All data shown were obtained by partial correlation after controlling for age, sex, ed
Abbreviations: R Right; L Left.fornix [12], hippocampus [14], corpus callosum [13],
basal ganglia, and cerebral and cerebellar cortex. How-
ever, detailed lobar location of cortical involvement has
never been studied [38]. In this study, the impact of DE
on the brain’s gray matter, which had not been docu-
mented before, was clearly demonstrated. This VBM
study provides a highly objective method for clarifying
significant brain atrophy in the DE group, compared to
the non-DE counterpart.
The pathogenesis of DE after CO intoxication is likely
multifactorial, involving mitochondrial damage com-
bined with hypoxemia and hypoperfusion during the
acute stage [39-41], as well as glutamatergic excitation
[42] and lipid peroxidation after return to CO-free air
[43]. Although the exact mechanism in the development
of DE is unclear, a COHb concentration level that is
higher in the DE group than in the non-DE group in this
study might increase the occurrence of delayed symp-
toms and suggest a more obvious effect on the brain
[5-7]. The pathologic hallmark is extensive demyelin-
ation, and current theories for the pathogenic mechan-
ism include direct toxicity effects of CO, cerebral blood
vessel damage, cerebral edema, and a hypersensitive re-
action [44]. Individual self-protective factors like toler-
ance to hypoxia and hypoperfusion or resistance to CO
cytotoxic action in WM [4,8,10], may be responsible for
the presence and variable duration of clear periods in
DE.
In this study, two locations display a lower GMV in
the DE group compared to the non-DE group: the left
anterior cingulate (BA32) and the right amygdala. Both
are a part of the brain limbic system. Past neuroimaging
research suggests the anterior cingulate cortex to be part
of the circuit involved in a type of attention [45] that
regulates both cognitive and emotional processing [46].ray matter volume for all subjects
NP variables











ucational level, and total intracranial volume.
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nects to the amygdala [47], and modulation of the
amygdala-anterior cingulate connections seems to be a
key substrate of emotional attention bias [48,49]. Lesions
involving the anterior cingulate and amygdala is believed
to disrupt and cause affective biases [50]. In this study,
the DE group presented lower levels of performance in
digit symbol and symbol search, indicating a slower pro-
cessing speed, which is thought to be connected with a
poor attention function [51]. This result is consistent
with previous concept, even though there is no signifi-
cant correlation between the cluster volume in the left
anterior cingulate, right amygdala, and the reported NP
tests.
Although this study offers valuable insights into the
cortical involvement in CO intoxication issues, it never-
theless has some limitations. First, our sample size is too
small for definite conclusion of DE and non-DE. Patients
without DE were difficult to contact and often rejected
invitations to join the non-invasive research because
they have little concern about following-up results in the
chronic stage. Therefore, the number of patients in the
non-DE group was smaller than the number of patients
in the DE group, even though the incidence of DE is ap-
proximately 10% in all CO-intoxicated patients [52]. Sec-
ond, varying treatments for CO-intoxicated patients
exist, such as whether they receive hyperbaric oxygen
therapy or not. Moreover, the initial laboratory data were
not thoroughly collected for every subject in the emer-
gency room. Therefore, initial disease severity could not
be compared to long-term outcomes to define a clearer
relationship.Conclusion
In conclusion, cognitive impairment and morphologic
deficits were found to be present in patients with CO in-
toxication even after long-term follow-up. Patients in
the DE group accomplished with more imaging abnor-
malities and higher COHb level will express worse
neuropsychiatric outcome. In addition to WM injury,
the GM microstructure damage also has clinical implica-
tion and additional psychiatric research in CO intoxica-
tion should prove quite beneficial.
Abbreviations
CO: Carbon monoxide; DE: Delayed encephalopathy; VBM: Voxel-based
morphometry; GM: Gray matter; GMV: Gray matter volume; WM: White
matter; NP: Neuropsychological; WCST: Wisconsin card sorting test;




• In the past five years have you received reimbursements, fees, funding, or
salary from an organization that may in any way gain or lose financially from
the publication of this manuscript, either now or in the future? Is such anorganization financing this manuscript (including the article-processing
charge)? No.
• Do you hold any stocks or shares in an organization that may in any way
gain or lose financially from the publication of this manuscript, either now or
in the future? No.
• Do you hold or are you currently applying for any patents relating to the
content of the manuscript? Have you received reimbursements, fees,
funding, or salary from an organization that holds or has applied for patents
relating to the content of the manuscript? No.
• Do you have any other financial competing interests? No.
Non-financial competing interests
• Are there any non-financial competing interests (political, personal,
religious, ideological, academic, intellectual, commercial or any other) to
declare in relation to this manuscript? No.
Authors’ contributions
Study concepts: HLC. Study design: HLC and WCL. Data acquisition: HLC,
PCC, NWH, RWW, SHL, and YFC. Data analysis and interpretation: HLC, PCC,
WLC, NWH, and KHC. Statistical analysis: HLC, PCC, KHC, and CPL. Manuscript
preparation: HLC, and PCC. Manuscript editing: HLC, and WCL. Manuscript
review: CHL, and WCL. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by grants from Chang Gung Memorial Hospital
(Chang Gung Medical Research Project CMRPG 890801 to H-L Chen and
CMRPG870482 to W-C Lin). The authors acknowledge the support of the MRI
Core Facility of CGMH. The authors also wish to thank Tsui-Min Chiu, Yu-Hsin
Hsieh, and all subjects who participated in this study.
Author details
1Departments of Diagnostic Radiology, Kaohsiung Chang Gung Memorial
Hospital, Chang Gung University College of Medicine, 123 Ta-Pei Road,
83305, Niao-Sung, Kaohsiung, Taiwan. 2Department of Biomedical Imaging
and Radiological Sciences, National Yang-Ming University, Taipei, Taiwan.
3Departments of Neurology, Kaohsiung Chang Gung Memorial Hospital,
Chang Gung University College of Medicine, Kaohsiung, Taiwan.
4Department of Radiology, Yuan's General Hospital, Kaohsiung, Taiwan.
5Institute of Neuroscience, National Yang-Ming University, Taipei, Taiwan.
6Departments of Orthopedic Surgery, Kaohsiung Chang Gung Memorial
Hospital, Chang Gung University College of Medicine, Kaohsiung, Taiwan.
7Departments of Internal Medicine, Kaohsiung Chang Gung Memorial
Hospital, Chang Gung University College of Medicine, Kaohsiung, Taiwan.
Received: 22 September 2012 Accepted: 26 September 2013
Published: 1 October 2013
References
1. Ernst A, Zibrak JD: Carbon monoxide poisoning. N Engl J Med 1998,
339(22):1603–1608.
2. Winter PM, Miller JN: Carbon monoxide poisoning. JAMA: J Am Med Assoc
1976, 236(13):1502–1504.
3. Sohn YH, Jeong Y, Kim HS, Im JH, Kim JS: The brain lesion responsible for
parkinsonism after carbon monoxide poisoning. Arch Neurol 2000,
57(8):1214–1218.
4. Kwon OY, Chung SP, Ha YR, Yoo IS, Kim SW: Delayed postanoxic
encephalopathy after carbon monoxide poisoning. Emerg Med J 2004,
21(2):250–251.
5. Choi IS, Kim SK, Choi YC, Lee SS, Lee MS: Evaluation of outcome after
acute carbon monoxide poisoning by brain CT. J Korean Med Sci 1993,
8(1):78–83.
6. Jones JS, Lagasse J, Zimmerman G: Computed tomographic findings after
acute carbon monoxide poisoning. Am J Emerg Med 1994, 12(4):448–451.
7. Myers RA, Britten JS: Are arterial blood gases of value in treatment
decisions for carbon monoxide poisoning? Crit Care Med 1989,
17(2):139–142.
8. Kim JH, Chang KH, Song IC, Kim KH, Kwon BJ, Kim HC, Han MH: Delayed
encephalopathy of acute carbon monoxide intoxication: diffusivity of
cerebral white matter lesions. AJNR Am J Neuroradiol 2003,
24(8):1592–1597.
9. Chang KH, Han MH, Kim HS, Wie BA, Han MC: Delayed encephalopathy
after acute carbon monoxide intoxication: MR imaging features and
Chen et al. BMC Neurology 2013, 13:129 Page 10 of 10
http://www.biomedcentral.com/1471-2377/13/129distribution of cerebral white matter lesions. Radiology 1992,
184(1):117–122.
10. Lin WC, Lu CH, Lee YC, Wang HC, Lui CC, Cheng YF, Chang HW, Shih YT,
Lin CP: White matter damage in carbon monoxide intoxication assessed
in vivo using diffusion tensor MR imaging. AJNR Am J Neuroradiol 2009,
30(6):1248–1255.
11. Chen NC, Chang WN, Lui CC, Huang SH, Lee CC, Huang CW, Chuang YC,
Chang CC: Detection of gray matter damage using brain MRI and SPECT
in carbon monoxide intoxication: a comparison study with
neuropsychological correlation. Clin Nucl Med 2013, 38(2):e53–59.
12. Kesler SR, Hopkins RO, Blatter DD, Edge-Booth H, Bigler ED: Verbal memory
deficits associated with fornix atrophy in carbon monoxide poisoning.
J Int Neuropsychol Soc 2001, 7(5):640–646.
13. Porter SS, Hopkins RO, Weaver LK, Bigler ED, Blatter DD: Corpus callosum
atrophy and neuropsychological outcome following carbon monoxide
poisoning. Arch Clin Neuropsychol 2002, 17(2):195–204.
14. Gale SD, Hopkins RO, Weaver LK, Bigler ED, Booth EJ, Blatter DD: MRI,
quantitative MRI, SPECT, and neuropsychological findings following
carbon monoxide poisoning. Brain Inj 1999, 13(4):229–243.
15. Cheng Y, Chou KH, Decety J, Chen IY, Hung D, Tzeng OJ, Lin CP: Sex
differences in the neuroanatomy of human mirror-neuron system:
a voxel-based morphometric investigation. Neuroscience 2009,
158(2):713–720.
16. Zamboni G, Huey ED, Krueger F, Nichelli PF, Grafman J: Apathy and
disinhibition in frontotemporal dementia: insights into their neural
correlates. Neurology 2008, 71(10):736–742.
17. Chen NC, Huang CW, Lui CC, Lee CC, Chang WN, Huang SH, Chen C, Chang CC:
Diffusion-weighted imaging improves prediction in cognitive outcome
and clinical phases in patients with carbon monoxide intoxication.
Neuroradiology 2013, 55(1):107–115.
18. Chang CC, Chang WN, Lui CC, Wang JJ, Chen CF, Lee YC, Chen SS, Lin YT,
Huang CW, Chen C: Longitudinal study of carbon monoxide intoxication
by diffusion tensor imaging with neuropsychiatric correlation. J Psychiatry
Neurosci : JPN 2010, 35(2):115–125.
19. Heaton RK: Wisconsin Card Sorting Test manual. Rev. and expanded. edition.
Odessa, Fla. (P.O. Box 998, Odessa 33556): Psychological Assessment
Resources; 1993.
20. Shan IK, Chen YS, Lee YC, Su TP: Adult normative data of the Wisconsin
card sorting test in Taiwan. J Chin Med Assoc 2008, 71(10):517–522.
21. Hsin-Yi Chen M-SH, Jianjun Z, Yung-Hwa c: Selection of factor-based
WAIS-III tetrads in the Taiwan standardization sample: a guide to clinical
practice. Chinese J Psychol 2008, 50(1):91–109.
22. Kao YC, Liu YP, Lien YJ, Lin SJ, Lu CW, Wang TS, Loh CH: The influence of
sex on cognitive insight and neurocognitive functioning in
schizophrenia. Prog Neuropsychopharmacol Biol 2013, 44:193–200.
23. Tulsky DS, Price LR: The joint WAIS-III and WMS-III factor structure:
development and cross-validation of a six-factor model of cognitive
functioning. Psychol Assess 2003, 15(2):149–162.
24. Ashburner J, Andersson JL, Friston KJ: Image registration using a
symmetric prior–in three dimensions. Hum Brain Mapp 2000, 9(4):212–225.
25. Ashburner J: A fast diffeomorphic image registration algorithm.
Neuroimage 2007, 38(1):95–113.
26. Blumenthal JD, Zijdenbos A, Molloy E, Giedd JN: Motion artifact in
magnetic resonance imaging: implications for automated analysis.
Neuroimage 2002, 16(1):89–92.
27. Ashburner J, Friston KJ: Unified segmentation. Neuroimage 2005,
26(3):839–851.
28. Cuadra MB, Cammoun L, Butz T, Cuisenaire O, Thiran JP: Comparison and
validation of tissue modelization and statistical classification methods in
T1-weighted MR brain images. IEEE Trans Med Imaging 2005,
24(12):1548–1565.
29. Yassa MA, Stark CE: A quantitative evaluation of cross-participant
registration techniques for MRI studies of the medial temporal lobe.
Neuroimage 2009, 44(2):319–327.
30. Bergouignan L, Chupin M, Czechowska Y, Kinkingnehun S, Lemogne C,
Le Bastard G, Lepage M, Garnero L, Colliot O, Fossati P: Can voxel based
morphometry, manual segmentation and automated segmentation
equally detect hippocampal volume differences in acute depression?
Neuroimage 2009, 45(1):29–37.31. Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE: Nonstationary
cluster-size inference with random field and permutation methods.
Neuroimage 2004, 22(2):676–687.
32. Lin WC, Chou KH, Chen HL, Huang CC, Lu CH, Li SH, Wang YL, Cheng YF,
Lin CP, Chen CC: Structural deficits in the emotion circuit and cerebellum
are associated with depression, anxiety and cognitive dysfunction in
methadone maintenance patients: a voxel-based morphometric study.
Psychiatry Res 2012, 201(2):89–97.
33. Talairach J, Tournoux P: Co-planar stereotaxic atlas of the human brain :
3-dimensional proportional system: an approach to cerebral imaging.
Stuttgart; New York: Georg Thieme; 1988.
34. Li CT, Lin CP, Chou KH, Chen IY, Hsieh JC, Wu CL, Lin WC, Su TP: Structural
and cognitive deficits in remitting and non-remitting recurrent
depression: a voxel-based morphometric study. Neuroimage 2010,
50(1):347–356.
35. Glascher J, Tranel D, Paul LK, Rudrauf D, Rorden C, Hornaday A, Grabowski T,
Damasio H, Adolphs R: Lesion mapping of cognitive abilities linked to
intelligence. Neuron 2009, 61(5):681–691.
36. Gale SD, Hopkins RO: Effects of hypoxia on the brain: neuroimaging and
neuropsychological findings following carbon monoxide poisoning and
obstructive sleep apnea. J Int Neuropsychol Soc 2004, 10(1):60–71.
37. Cocito L, Biagioli M, Fontana P, Inglese ML, Pizzorno M, Spigno F, Volpe S:
Cognitive recovery after delayed carbon monoxide encephalopathy.
Clin Neurol Neurosurg 2005, 107(4):347–350.
38. Hopkins RO, Woon FL: Neuroimaging, cognitive, and neurobehavioral
outcomes following carbon monoxide poisoning. Behav Cogn Neurosci
Rev 2006, 5(3):141–155.
39. Chance B, Erecinska M, Wagner M: Mitochondrial responses to carbon
monoxide toxicity. Ann N Y Acad Sci 1970, 174(1):193–204.
40. Ginsberg MD: Carbon monoxide intoxication: clinical features,
neuropathology and mechanisms of injury. J Toxicol Clin Toxicol 1985,
23(4–6):281–288.
41. Penney DG: Acute carbon monoxide poisoning: animal models: a review.
Toxicology 1990, 62(2):123–160.
42. Ishimaru H, Nabeshima T, Katoh A, Suzuki H, Fukuta T, Kameyama T: Effects
of successive carbon monoxide exposures on delayed neuronal death in
mice under the maintenance of normal body temperature.
Biochem Biophys Res Commun 1991, 179(2):836–840.
43. Thom SR: Carbon monoxide-mediated brain lipid peroxidation in the rat.
J Appl Physiol 1990, 68(3):997–1003.
44. Custodio CM, Basford JR: Delayed postanoxic encephalopathy: a case
report and literature review. Arch Phys Med Rehabil 2004, 85(3):502–505.
45. Bush G, Luu P, Posner MI: Cognitive and emotional influences in anterior
cingulate cortex. Trends Cogn Sci 2000, 4(6):215–222.
46. Carter CS, Botvinick MM, Cohen JD: The contribution of the anterior
cingulate cortex to executive processes in cognition. Rev Neurosci 1999,
10(1):49–57.
47. Devinsky O, Morrell MJ, Vogt BA: Contributions of anterior cingulate
cortex to behaviour. Brain 1995, 118(Pt 1):279–306.
48. Pillay SS, Gruber SA, Rogowska J, Simpson N, Yurgelun-Todd DA: fMRI of
fearful facial affect recognition in panic disorder: the cingulate gyrus-
amygdala connection. J Affect Disord 2006, 94(1–3):173–181.
49. Pissiota A, Frans O, Michelgard A, Appel L, Langstrom B, Flaten MA,
Fredrikson M: Amygdala and anterior cingulate cortex activation during
affective startle modulation: a PET study of fear. Eur J Neurosci 2003,
18(5):1325–1331.
50. Zhang LJ, Qi R, Zhong J, Ni L, Zheng G, Xu J, Lu GM: Disrupted functional
connectivity of the anterior cingulate cortex in cirrhotic patients without
overt hepatic encephalopathy: a resting state fMRI study. PLoS One 2013,
8(1):e53206.
51. Weiss K, Hilkenmeier F, Scharlau I: Attention and the speed of information
processing: posterior entry for unattended stimuli instead of prior entry
for attended stimuli. PLoS One 2013, 8(1):e54257.
52. Choi IS: Delayed neurologic sequelae in carbon monoxide intoxication.
Arch Neurol 1983, 40(7):433–435.
doi:10.1186/1471-2377-13-129
Cite this article as: Chen et al.: Structural and cognitive deficits in
chronic carbon monoxide intoxication: a voxel-based morphometry
study. BMC Neurology 2013 13:129.
